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The role of biomedical research in global tuberculosis 
control: gaps and challenges 

A perspective from the US National Institute of Allergy and 
Infectious Diseases, National Institutes of Health 

Christine F Sizemore, Amanda C Schleif, Jessica B Bernstein and Carole A Heilman 

Tuberculosis (TB) has been a persistent public health concern for hundreds of years. Despite advances in medicine and science, 
eliminating this disease has been beyond our reach. Several organizations, including the National Institute of Allergy and Infectious 
Diseases (NIAID), part of the National Institutes of Health (NIH), have expressed their commitment to advancing biomedical research 
in TB in order to increase our understanding of the causative pathogen and the disease. This basic knowledge is a critical first step in the 
development and implementation of new therapeutics, vaccines and diagnostics. Collaboration between researchers is a key 
component to accomplishing this goal; product development can no longer be limited to separate programs. Rather, the 
interconnectedness and possible combination of interventions must be investigated. This review will discuss ongoing TB research 
including NIAID's role, as well as future research that is needed to improve TB control. Emphasizing the importance of coordination 
among researchers, funders and advocacy groups, we aim to illustrate the fact that biomedical research, and particularly basic 
research, is a vital part of a complementary approach to eliminating TB across the globe. 
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THE CHALLENGE OF ELIMINATING TUBERCULOSIS (TB) 

Despite significant advances in medical science and health care, it has 
been impossible to eliminate TB as a public health concern. 1 Several 
factors have proven advantageous to the survival of Mycobacterium 
tuberculosis (Mtb) in humans, including population growth in urban 
environments and the resulting close living conditions; 2 ' 3 increasing 
numbers of persons co-infected with HIV who are more susceptible to 
developing TB; 4 and increasing numbers of drug-resistant TB cases 
against which standard drug regimens are failing. 1 It is noteworthy 
that as much as one-third of the global population is estimated to 
harbor Mtb and may serve as a reservoir for active disease. 5 Initially 
intensified by HIV/AIDS in countries where both diseases are 
endemic, 6 the epidemic now takes close to two million lives each year. 
Decades of chemotherapy under often less than optimal treatment 
conditions have led to the development of drug-resistant TB that 
complicates cure. 7 In countries with high rates of transmission and 
HIV co-infection, drug-resistant Mtb strains now account for an 
increasing portion of new TB cases. 8-11 'The Global Plan to Stop TB 
2011-2015,' issued by the Stop TB Partnership (housed at the World 
Health Organization (WHO)), has set ambitious goals to halve TB 
prevalence and death rates by 2015, and to eliminate TB by 2050. 12 



(Elimination is defined as less than one case of TB per one million 
population per year.) This plan is also tied to the United Nation's 
Millennium Development Goals. 13 To accomplish these milestones, 
scientific and biomedical innovations such as those supported by the 
National Institute of Allergy and Infectious Diseases (NIAID) are 
desperately needed. Improvements in existing TB care programs alone 
are no longer sufficient. 

Effectively translating biomedical research into improved patient 
care and new therapeutics, preventive measures, and diagnostics 
requires coordination among all global TB partners. Key funders, 
researchers and supporters of global TB research and development 
have recently established several frameworks for research and program 
implementation. For instance, the 2011 WHO/Stop TB Partnership's 
'An International Roadmap for Tuberculosis Research' 14 and 
'Priorities in Operational Research to Improve Tuberculosis Care 
and Control' 15 create an international framework to which the 
research agendas of major funders and supporters, as well as bio- 
medical science as a whole can be mapped to assure that global 
approaches are coordinated and key gaps identified. 

NIAID, part of the US National Institutes of Health (NIH), plays 
a critical leadership role in TB biomedical research, supporting 
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scientists in building a solid foundation of knowledge to advance 
innovations in TB. 16 NIAID's research agenda complements efforts 
of other global flinders, other US Federal agencies, as well as public- 
private partnerships and businesses sponsoring new product 
development. In 2007, NIAID published a 'Research Agenda for 
Multidrug-Resistant and Extensively Drug-Resistant Tuberculosis' 17 
which outlines critical gaps in knowledge about the emergence, detec- 
tion, prevention and cure of drug-resistant TB. The Bill and Melinda 
Gates Foundation published their 'Strategy Overview: Tuberculosis' 
in 2009, 18 enumerating goals for intensive research and development 
and implementation of new products, improved use of existing tools, 
and advocacy for funding and political commitment to improve global 
TB care. Most recently, the journal Tuberculosis published the 2012 
'Tuberculosis Vaccines: A Strategic Blueprint for the Next Decade,' 19 
which focuses on biomedical, product development and operational 
research needs that must be addressed to successfully transition 
vaccine candidates to the market and into public health programs. 
The interconnectedness and complementarity of these selected 
research agendas highlights the intersection between research and 
programmatic efforts that is crucial for closing the gaps in TB diag- 
nosis, prevention, and treatment, and is a theme woven throughout 
this commentary. 

Although TB has been a topic of much discussion in medical texts 
since the nineteenth century, significant and focused biomedical 
research on this disease only truly commenced in the 1990s. Many 
hallmarks of the disease were well documented decades or even cen- 
turies ago, but once antibiotics became available, TB was considered a 
manageable disease. 20 With the reduction of TB deaths in industria- 
lized countries came diminished interest in TB research, leaving many 
critical questions unanswered about its pathology, pathogenesis, 
epidemiology and transmission. Over the past decade, however, it 
became apparent that existing public health strategies and healthcare 
tools were no longer sufficient to contain the modern global TB 
epidemic, and new tools would be needed. Unquestionably, a solid 
understanding of the science behind the disease is a critical part of 
developing these tools. We reached an important milestone in public 
health when the WHO report 'Global Tuberculosis Control 2011' 
identified biomedical research as a key component of the fight against 
TB, 1 making it clear that not only new drugs, better vaccines and 
improved diagnostics, but also innovative ways of combining these 
modalities will be necessary to reduce new cases at a rate that would 
drive TB into elimination. 21 ' 22 These strategies extend beyond a focus 
on product development alone. Fundamental basic research will be 
needed to understand the detailed dynamics of host/pathogen interac- 
tion, and how this guides transmission, pathogenesis and disease 
resolution. 23 For instance, it is not currently understood to what 
extent susceptibility to infection and disease is affected by host or 
pathogen genetics. Gaining a better understanding of whether and 
how genetic diversity among Mtb strains influences their ability to 
infect humans and cause disease will be critical in tracking, prioritizing 
and intervening in TB outbreaks. Furthermore, this understanding 
may allow researchers to focus on strains of greatest concern when 
developing new drug and vaccine candidates, as well as diagnostics 
that can accurately differentiate TB strains. 

The ultimate goal of translational science is to improve prevention, 
treatment and diagnosis. New strategies for product development in 
these areas can no longer be limited to separate programs; rather, in 
order to deliver the greatest benefit to patients, the interconnectedness 
of host-directed interventions (traditionally vaccines) and pathogen- 
directed interventions (traditionally drugs) must be explored and 



developed. For example, adding immune supportive vaccines to drug 
treatment for TB may improve effectiveness, shorten duration and 
ultimately improve tolerability of treatment. Conversely, vaccines 
combined with chemoprevention of limited duration may prove effec- 
tive in a broader range of individuals infected with Mtb. 

Guidance for discovery, development and clinical testing of new 
drugs, vaccines and diagnostics has been discussed at length in the 
recent scientific literature. 19,24-26 However, in order to establish a 
robust and continuous pipeline of new products, appropriate targets 
for intervention at several stages in the pathogenicity cycle have to be 
defined in both the microbe and host. Active pulmonary TB disease, 
the focus of many TB control programs, is also the focus of many 
research studies on new interventions. TB stages that are characterized 
by low numbers of bacteria and limited clinical symptoms, however, 
are also important and need to be investigated. To eliminate a trans- 
missible respiratory disease as a public health concern, we must under- 
stand and intervene in the processes leading to active disease and 
address stable cure with the eradication of bacteria from patients. 

PREVENTION OF TB 

Prevention of TB is a multifaceted and complex issue that requires a 
deep understanding of several key issues. Of particular importance are 
the molecular and immunologic mechanisms of transmission and 
infection and the dynamics of latent (asymptomatic) and subclinical 
disease that precede the most transmissible form of TB. Quickly and 
accurately identifying the presence of Mtb in people with both latent 
and active TB is a critical first step to prevention of additional cases. 
Recognizing that patients are often afflicted by more than one disease, 
it is important to decipher how active pulmonary and other forms of 
TB develop in patients with healthy immune systems as well as those 
who are immunocompromised. Many individuals who are exposed to 
Mtb do not get infected, and only a fraction of those infected develop 
active disease. 27 The factors that govern infection and progression to 
active disease are not well understood, largely because the tools needed 
to study these phenomena are limited. 28 " 30 Clinical dia gnosis of 
infected persons is currently only possible through indirect tools such 
as the purified protein derivative skin test or blood tests indicating 
prior exposure to mycobacterial antigens. 31-33 These tools do not 
indicate when exposure happened or whether individuals will be able 
to control the infection or will go on to develop TB. To study these 
processes, NIAID-supported scientists are developing tools that allow 
the detection of small numbers of mycobacteria in human specimens 
by interrogating the human immune system. By looking at how 
human immune cells respond to Mtb antigens, they are hoping to 
see whether the continued presence of Mtb can be differentiated 
from instances where infection with Mtb has been successfully cleared 
either by the immune system or through chemotherapy. These studies, 
once coupled with investigations about the growth and location of 
Mtb in infected individuals over time, may provide researchers with 
biomarkers that can differentiate bacterial presence and host responses 
in those who remain healthy compared with those who develop 
disease. 34-37 

It may appear logical to argue that every person that may be infected 
with Mtb should receive preventive chemotherapy. TB therapy, how- 
ever, requires many months to complete and includes the potential for 
complications and serious side effects. The ultimate goal, rather, is 
to determine which persons with latent, asymptomatic infection are 
most likely to develop active TB disease, then provide chemotherapy 
or vaccines to prevent them from becoming ill and transmitting the 
disease to others. To assure that chemotherapeutic or preventive 
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strategies are available for persons at greatest risk, these strategies 
need to be closely coupled with adequate diagnostic tests that clearly 
differentiate mild or subclinical active disease from latent infection 
with a low chance of progression. This differentiation is particularly 
important, because chemopreventive drugs and regimens do not 
adequately treat active disease and may result in the development of 
drug resistance. 

The success of current chemopreventive strategies is measured by its 
ability to reduce the number of new cases of TB within 1-2 years of 
treatment. 38 However, it is not known whether preventive chemofher- 
apeutic regimens are able to eradicate Mtb from infected persons or 
whether they leave behind dormant bacteria that are able to reactivate 
later in life. To focus chemoprevention more directly on the elimina- 
tion of dormant Mtb bacteria from infected persons, researchers are 
trying to understand whether bacterial biochemical pathways involved 
in latent Mtb differ from those involved in active, pulmonary TB and 
to develop drugs specific to each pathway. 30 ' 39 However, even with 
highly focused drug treatment strategies in communities with high 
rates of TB transmission and high susceptibility to disease, as is the 
case in HIV co-infected persons, treatment of latent TB does not 
necessarily protect from re-infection and repeated infections may 
require multiple rounds of treatment. In those instances, a stronger 
focus on immune protection through vaccines that are effective after 
exposure to Mtb may offer longer lasting benefit for individual 
patients, and this is a concept that is currently being explored. 

The current TB vaccine, called Bacille Calmette-Guerin or BCG, is 
given to newborns in TB endemic countries. While BCG provides 
reasonable protection against childhood complications of TB, it does 
not provide reliable protection against pulmonary TB, the most trans- 
missible form of the disease, in adolescents or adults. 40 Hence, new 
vaccination approaches either aim to replace BCG or boost initial 
protection through BCG and provide immunity that lasts into adult- 
hood. Alternatively, the immune responses generated by BCG may be 
considered as 'background immunity' for which re-priming and 
boosting vaccines must be developed. To properly direct the immune 
response, researchers are making progress in their understanding of 
how BCG elicits protection against childhood complications of TB, 
but fails to elicit long-lasting immunity against re-infection or 
development of disease later in life. 41-43 These studies are serving as 
the foundation for further research into Mtb antigens that could 
improve BCG efficacy or could be used later as boosters with pro- 
tein-based vaccines or vectored constructs. These studies are also con- 
tributing to development of immune assays that measure desirable 
characteristics of novel vaccine candidates. 

Development of new vaccines against TB, whether to prevent infec- 
tion or prevent disease, is a complex and difficult undertaking. 
Scientific studies are underway to determine how Mtb avoids destruc- 
tion by the human immune system and establishes latent infection. 
The goal of post-exposure vaccines is to identify and direct the immune 
system towards microbial antigens that are present during latent infec- 
tion and to which the immune system would not usually respond. 

TREATING TB DISEASE 

Coupled with the need to rapidly identify drug-resistant Mtb in 
patient samples, different treatment options are needed to cure the 
various forms of drug-resistant TB. New combinations of novel anti- 
biotic classes against which drug resistance has not yet developed are 
considered the critical next step to save patients' lives and limit the 
spread of drug-resistant TB. Several organizations and consortia are 
evaluating new combinations of experimental and existing TB drugs to 



arrive at more potent regimens. For example, the 'Critical Path to TB 
Drug Regimens Initiative,' in collaboration with stakeholders repre- 
senting the TB biomedical, clinical and product development com- 
munities, is exploring regulatory pathways for drug regimens. This 
would be an alternative to combining drugs after they are licensed 
individually. 44 Currently, different combinations of first- or second- 
line drugs are recommended for treatment of drug-susceptible 
and drug-resistant TB. 45 Clinical resistance against rifampin and 
isoniazid — termed multidrug-resistant TB (MDR TB) — indicates that 
these components of first-line therapy are no longer effective and that 
second-line therapeutics are indicated. 46 In 2006, extensively drug- 
resistant strains of Mtb (XDR TB) were documented. 1 ' 47 These XDR 
TB strains failed to respond to key components of first- and second- 
line therapeutics (rifampin, isoniazid, fluoroquinolones and any one 
of the injectable agents (amikacin, kanamycin or capreomycin)). 
Current treatment of drug-sensitive TB requires taking 4 to 5 drugs 
in combination for 6 months or more, while treatment for drug- 
resistant TB can require therapy for up to 2 years. 46 Dramatic increases 
in MDR and XDR TB, and documentation of strains with resistance 
patterns that are not defined as MDR or XDR TB, necessitates the 
development of new classes of antibiotics and the rapid identification 
and treatment of infectious patients to curb the spread of drug-resist- 
ant TB. Persistent bacterial populations, a phenomenon occurring in 
many bacterial species in response to antibiotic pressure, are impli- 
cated as the cause for prolonged TB treatment and various approaches 
are being pursued to address this problem. 48-51 For the development 
of new classes of antibiotics, NIAID-supported researchers and others 
are determining what specific biochemical pathways are most vulne- 
rable to drug intervention in non-replicating, persisting microbes and 
whether treatment can be shortened when drugs are combined in 
innovative ways. 50 ' 52 ' 53 Studying low numbers of bacteria in host 
tissues or under metabolic conditions that induce non-replicating 
states is a requirement to understand the physiological processes that 
bacteria utilize to avoid antibiotic killing. 

A different approach that is starting to generate interest in the 
research community is to treat TB disease in a multifactorial way, 
combining antimicrobial drugs with engineered vaccines or immune 
stimulatory molecules to engage the host immune system in the 
clearance of bacteria or the prevention of persistent populations. 
Researchers are studying the impact of antibiotics on the host immune 
response and whether vaccine candidates can expedite bacterial 
clearance. 54 Animal models are of particular importance in these 
studies since even low numbers of bacteria can be measured in homo- 
genized animal tissues, and give a good initial estimate of a drug's 
effectiveness against Mtb. 

It is expected that a combination of novel-acting drugs and an 
engaged host immune system may hold the key to rapid universal 
treatment of TB irrespective of its drug susceptibility status. Until 
these new treatment options are available, however, the most urgent 
needs are to increase treatment options for patients with drug-resistant 
TB and to focus on the development of molecular diagnostics that 
rapidly indicate whether and what type of drug resistance is present. 

TOOLS TO SUPPORT NEW CLINICAL RESEARCH AND TRIALS 

Translational science is primarily recognized as an important contri- 
butor to product development. However, many scientific findings that 
do not have direct potential to be translated into drugs, vaccines, or 
diagnostics can be invaluable for studying new interventions in ani- 
mals and humans. As few new drugs and no new vaccines have been 
licensed for several decades, evaluation of products through clinical 
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trials is being done at the same time that assays to support regulatory 
processes are being developed and evaluated. Improving standard of 
care for TB is particularly challenging since interventions exist against 
which new approaches will have to be compared. Many existing drug 
combinations were developed decades ago. Although generally effec- 
tive against TB, a better understanding of the efficacy of first- and 
second-line regimens, such as the 'Bangladesh Regimen,' 55 is needed 
to improve the standard of care and select the most appropriate com- 
parator regimen for licensure of additive or replacement drugs, or 
completely new regimens. For example, individual and population 
data on pharmacokinetics/pharmacodynamics and drug-drug inter- 
actions, particularly with HIV-positive patients utilizing antiretroviral 
therapy, will help develop models to improve our understanding of 
the efficacy and failure of current first- and second-line drugs when 
used under treatment program conditions. In preparation for this, 
scientists are beginning to accumulate pharmacokinetic/pharmacody- 
namic information on several new drugs in animal and clinical studies. 
These data will not only contribute to baseline knowledge but may 
help adjust or set current standards for optimal dose. In addition, 
NIAID has recently made available their HIV/ AIDS Clinical Trial Net- 
works to assist in the complex testing that will be required to obtain 
and accumulate clinical data. 56 As previously mentioned, BCG, while 
not effective at preventing adult or adolescent pulmonary TB, never- 
theless provides benefit to infants and also offers reasonable protection 
against leprosy in many countries. Therefore, trials replacing BCG for 
the purpose of improving protection later in life must be preceded by 
sufficient efficacy studies indicating that a new vaccine or vaccine/ 
adjuvant combination will continue to provide protection for these 
groups of individuals while contributing to increased efficacy for pre- 
venting adult pulmonary TB. Similar to datasets needed to develop 
new treatment regimens and schedules, controlled data on baseline 
efficacy and immunogenicity of BCG needs to be generated, parti- 
cularly since performance of BCG in infants has not been rigorously 
assessed to date. A critical research need informing both vaccine 
studies and clinical care alike is the identification of clear clinical 
definitions of Mtb infection and TB disease, particularly in infants 
and persons with compromised immune function. These definitions 
will facilitate inclusion of appropriate individuals in clinical trials 
and assessment of success (protection) or failure (disease) of vaccine 
candidates. Combined with thorough characterization of immune 
responses pre- and post-vaccination, case definitions are also helpful 
in defining what preclinical parameters should be assessed in animal 
models to select the most promising vaccine candidates/adjuvants and 
schedules. Standardized immune assays and reagents are currently 
being developed and will be evaluated in upcoming clinical trials. 
To assist in the development of preclinical and clinical tools, NIAID 
provides standardized reagents and vaccine and drug testing services 
in animal models of TB, and also provides non-clinical development 
and manufacturing resources to help complete data packages needed 
for regulatory approval of clinical trials. 57 

Tools such as preclinical animal and ex vivo models need to be 
developed in parallel with product development efforts in order to 
assist product developers to: demonstrate that candidate drugs and 
vaccines warrant clinical investigation, identify patient populations 
that are most appropriate to be included in these trials, and complete 
trials in the most efficient manner. Many of the fundamental and basic 
biomedical research studies currently underway have the potential to 
contribute to these goals. Antigens recognized by the human and 
animal immune system may have potential as vaccine candidates 
and also as biomarkers to indicate the presence of live bacteria. 



Biomarkers may be integrated into diagnostic tools to identify relevant 
patient populations, and are also useful in clinical trials to follow early 
response to therapy. Rapid identification of Mtb strains with different 
disease-causing potential may help curb epidemics and also provide 
opportunities for use in animal studies to ensure that vaccines and 
drugs are effective against diverse clades of Mtb present in endemic 
areas. 

All approaches focused on studying Mtb during what may be called 
'paucibacillary' stages of infection or disease, defined as asymptomatic 
infection or subclinical disease without pathological lesions, are 
complicated by the lack of access to human specimens that contain 
sufficient bacteria for study. Animal models have been used to induce 
paucibacillary stages of disease through pre-treatment with anti- 
biotics, but their relevance to human disease remains unclear. 58-60 
Historically, much of TB research has been driven by hypotheses gene- 
rated in mouse, guinea pig, or non-human primate models without 
much opportunity to validate these hypotheses in humans. Through 
improvements in clinical study capacity in TB endemic countries, 
many recent programs have focused on identifying host and microbial 
'biomarkers' or 'biosignatures,' which are molecular markers that 
characterize various stages of infection and disease. Critical to the 
success of identifying relevant markers of TB is access to clinical 
samples from diverse, longitudinal studies in human cohorts. It is 
important to gain an appreciation of the diversity of human TB in 
various high burden countries as it is influenced by co-infections 
and comorbidities, and to understand the diversity of genetic variants 
of Mtb and how they influence transmission, infection or the like- 
lihood of progressing to active TB. 

A systems biology analysis of these markers is likely to shed light 
on the interconnectedness of host and microbial pathways and 
identify new early microbial and host markers that will lead to effective 
diagnostics, drugs and vaccines. 

ADVANCING BIOMEDICAL RESEARCH AND PUBLIC HEALTH 
PRIORITIES: TRANS-DISCIPLINARY COLLABORATION IS KEY 

The level of innovation that will be required to truly transform the way 
we develop new interventions in TB necessitates that researchers, who 
are currently operating in separate parallel tracks, join forces to apply 
cross cutting science to these difficult issues. For instance, under- 
standing molecular mechanisms driving host-pathogen interactions 
will aid in developing improved diagnostics, vaccines and drugs, and 
in identifying early markers of immune protection and treatment 
response. Biomarker discovery projects that focus on diagnosis, res- 
ponse to therapy, or immune protection will provide important 
information for product development. However, to add to our under- 
standing of the complexity of TB, these studies and markers must be 
analyzed in combination. For this, bioinformatics tools and algo- 
rithms to create systems approaches are essential. In addition, com- 
parative studies to define commonalities and differences in TB globally 
will be a crucial but difficult and resource-intensive undertaking. In 
an era of uncertain global economics, close collaboration between 
funding organizations, scientists, and other stakeholders will be 
required to utilize existing resources effectively, minimize duplication 
of effort and foster creative science. Valuable specimens from human 
volunteers must be analyzed and preserved in a way that provides 
maximum benefit for the overall understanding of TB and the trans- 
lation of research findings to improve overall care and control of this 
disease. This will, however, require close collaboration between basic 
researchers, clinicians, and animal modelers in order to arrive at the 
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key public health and medical questions in TB and how biomedical 
and particularly basic research can be applied to solve them. 
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